In 2005, a widespread infestation of Aedes albopictus was discovered in the Torres Strait, the region between northern Australia and New Guinea. To contain this species, an eradication program was implemented in 2006. However, the progress of this program is impeded by the difficulty of morphologically separating Ae. albopictus larvae from the endemic species Aedes scutellaris. In this study, three real-time TaqMan polymerase chain reaction assays that target the ribosomal internal transcribed spacer 1 region were developed to rapidly identify Aedes aegypti, Ae. albopictus, and Ae. scutellaris from northern Australia. Individual eggs, larvae, pupae, and adults, as well as the species composition of mixed pools were accurately identified. The assay method was validated using 703 field-collected specimens from the Torres Strait.
INTRODUCTION
Aedes albopictus is a highly invasive mosquito species that has dramatically expanded from its native range in southeast Asia and become established in North and South America, southern Europe, Africa, and islands of the Pacific. 1, 2 It is susceptible to infection with at least 22 arboviruses, 2 and has been the principle vector of dengue viruses (DENVs) during outbreaks in Hawaii and Macao. 3, 4 More recently, Ae. albopictus has exhibited enhanced vector competence for the recently emerged strain of chikungunya virus (CHIKV) that caused a major epidemic on La Réunion island in [2005] [2006] . 5, 6 It was also the vector during a CHIKV outbreak in the province of Ravenna, Italy in 2007, the first on continental Europe. 7 This species is widely distributed in the Australasian region, being reported from Papua New Guinea, the Solomon Islands, Fiji, and East Timor. [8] [9] [10] [11] [12] Despite the close proximity of Australia to these countries, and the numerous interceptions by quarantine personnel at international seaports, Ae. albopictus has not become established on the Australian mainland. 13 There is concern that if Ae. albopictus were to be introduced onto the Australian mainland, it could rapidly colonize Australian towns and cities, including southern areas where Aedes aegypti does not occur, increasing the possibility of both DENV and CHIKV transmission in these centers. Furthermore, some strains of Ae. albopictus have been shown to be competent laboratory vectors of Ross River virus, 14 and the relative role that this species could play in the transmission of other endemic Australian arboviruses is largely unknown.
In 2005, a widespread infestation of Ae. albopictus was discovered on the islands of the Torres Strait, the region that separates mainland Australia from the island of New Guinea. 15 The original 2005 surveys found Ae. albopictus on 10 islands, but more recent data has confirmed that its distri-bution has expanded to 13 islands (J. Davis and G. Hapgood, unpublished data). In response to this discovery and with a view to preventing the spread of this mosquito to the mainland, Queensland Health and the Australian Government Department of Health and Ageing funded the Aedes albopictus Eradication Program (AAEP). This campaign consists of a control team, which undertakes larval habitat reduction, treating containers, adults and larvae with synthetic pyrethroids, and treatment of larger containers with s-methoprene; and a surveillance team, which undertakes preand post-treatment assessment of the control operations and the monitoring of uninfested islands.
Aedes albopictus is a member of the Scutellaris group of the Aedes (Stegomyia) subgenus that contains over 40 species. 16 Two species have been described from this group in Australia: Aedes katherinensis, which is restricted to northern parts of the mainland, and Aedes scutellaris, which has a more regional distribution encompassing Cape York Peninsula, the Torres Strait, and the Papua and Moluccas regions of Indonesia. 17 Although readily identified in the adult stage, larvae of Ae. albopictus are difficult to morphologically separate from Ae. scutellaris, with the distinguishing character being the length and number of branches of hair 1-VII, 18 a character that exhibits some variability within and between species. 19 Furthermore, eggs, early instar larvae, and pupae of Scutellaris group mosquitoes, as well as other container inhabiting Aedes, are not readily identified using morphologic features.
The difficulty in separating Ae. albopictus larvae from Ae. scutellaris in the Torres Strait has compromised the surveillance component of the AAEP. In an attempt to resolve this issue, larval specimens are sent to the Queensland Health Forensic and Scientific Services (QHFSS), Brisbane, for identification using a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) procedure developed by Beebe and others. 20 This assay involves the amplification of the ITS1 region followed by digestion with RsaI to create restriction fragment-length polymorphism profiles for common endemic Australian container Aedes and Culex species. Although this method has proved successful, the laborious nature of the assay does not make it an ideal system for the rapid throughput of a large number of specimens. Consequently, we report the development of real-time TaqMan PCR assays for the rapid identification of Ae. albopictus and Ae. scutellaris. Furthermore, because Ae. aegypti is endemic in northern Queensland, 21 and is occasionally intercepted outside its known geographic distribution, 22 assays for this species were also developed. The assays we describe in the current study are able to identify all life stages, including eggs and first instar larvae. Other features of these assays include successful identification of specimens without the need for DNA extraction and in mixed pools of larvae or eggs. Evaluation of the TaqMan assays was then undertaken on specimens collected from the Torres Strait during AAEP surveillance and control operations.
MATERIALS AND METHODS
Mosquito material. Reference specimens of container inhabiting species were collected from various sites in Queensland, the Northern Territory, New South Wales, and Papua New Guinea (Table 1, Figure 1 ). Additional reference material was obtained from a laboratory colony of Ae. albopictus maintained at QHFSS that was established from eggs collected from Masig Island, Torres Strait, in 2005, and an Ae. aegypti colony housed at the Australian Army Malaria Institute, which was established from larvae collected from Townsville, Queensland in 2001. Mosquito specimens used for assay validation were identified using either morphologic characteristics 18 or PCR-RFLP. 20 Evaluation of the real-time assays was undertaken on Torres Strait field specimens collected during the surveillance monitoring by the AAEP in 2007. All operational larval specimens identified as belonging to the Scutellaris group, as well as pupae and early instar larvae of other species, were preserved in 70% ethanol and forwarded to QHFSS for molecular identification.
Nucleic acid isolation. Genomic DNA of mosquitoes was recovered using the procedure described by Beebe and others. 22 Furthermore, a rapid DNA isolation method was separately developed as follows: individual mosquito specimens were placed in microfuge tubes containing 200 L of Tris-EDTA (TE) buffer, before homogenization with a sterile pestle and centrifugation for 10 minutes at 14,000 rpm. Supernatants were retained and the pellets were discarded. The DNA was stored at −20°C to await analysis. Table 1 was amplified and sequenced using the primers ITS1A and ITS1B. 23 The PCR amplification reactions were performed in a total volume of 50 L, including 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1 × PCR buffer, 1U of AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA), 800 nM of each primer and 1-10 ng of template DNA. Cycling conditions were as follows: one cycle of 94°C for 10 min, 35 cycles of 94°C for 30 seconds, 51°C for 40 seconds, and 72°C for 30 seconds, after which products were held at 4°C. The PCR amplicons were separated by electrophoresis on a 1% agarose gel and visualized under ultraviolet (UV) light using ethidium bromide staining. Products were then gel purified using the QIAquick Gel Extraction Kit (QIAGEN, Doncaster, VIC, Australia). Nucleotide sequencing of the purified DNA was performed using the Big Dye Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). With the assistance of the Griffith University Sequencing Facility (GUDSF), the sequence data was then aligned and edited using the computer programs ContigExpress and AlignX (Vector NTI Suite, Invitrogen, Carlsbad, CA).
ITS1 PCR amplification and sequencing. The ITS1 region of the species listed in
Real-time PCR primer and probe design. Three sets of TaqMan primers and probes specific for Ae. aegypti, Ae. albopictus, and Ae. scutellaris were designed using Primer Express Software version 2.0 (Applied Biosystems, Foster City, CA), based on the alignment of ITS1 sequences of Ae. aegypti and Ae. albopictus obtained from GenBank (accession nos. M95126 and AB231675, respectively), and sequences obtained in our laboratory ( Table 2) . Each oligonucleotide was assessed for its specificity using a BlastN search of GenBank sequences (NIH, Bethesda, MD). All probes were duallabeled with a 6-carboxy-fluorescein (FAM) reporter group at the 5Ј end and a 6-carboxy-tetramethyl-rhodamine (TAMRA) quencher group at the 3Ј end. 24, 25 Primers were supplied by GeneWorks (Adelaide, SA, Australia) and probes were synthesized by Sigma-Proligo (Singapore).
Real-time PCR amplifications. Real-time PCR amplifications were performed in 96-well 0.1 mL MicroAmp plates (Applied Biosystems, Foster City, CA) in a 20 L volume, containing 1 × TaqMan Fast Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 300 nM each primer, 100 nM probe, and 0.1-20 ng of DNA template. Thermal cycling was performed on an ABI 7500 Sequence Detection System (Applied Biosystems, Foster City, CA) using the following conditions: one cycle of 95°C for 20 seconds, followed by 40 cycles of 95°C for 3 seconds, and 60°C for 30 seconds. Data was recorded and analyzed using the 7500 Fast SDS System software (Applied Biosystems, Foster City, CA).
Synthetic primer and probe controls. Synthetic primer and probe controls for each TaqMan assay were produced as described by Smith and others, 26 eliminating the need for positive mosquito DNA controls ( Table 3 ). The probe control Validation of real-time PCR assays. Two individual fourth instar larvae were used to evaluate the sensitivity of each assay. The concentration of extracted genomic DNA from each Ae. aegypti, Ae. albopictus, and Ae. scutellaris specimen was first quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) so that samples containing an initial concentration of 10 ng/L of DNA could be used to prepare serial 10-fold dilutions. Each of the dilutions was then tested in triplicate using the realtime PCR conditions described previously. The limit of detection was determined to be the lowest concentration of DNA with detectable fluorescence above the cycle threshold (C t ) prior to cycle 40.
Specificity of the TaqMan primer and probe sets was assessed by testing a minimum of 5 individual specimens of each of the species listed in Table 1 . In addition, intraspecific and interspecific variation between geographic populations was also analyzed when samples from different locations were available. To account for variability in detection rates and potential false negatives due to unknown DNA concentration in undiluted samples, the majority of these reference samples were also tested at 10 −1 or 10 −2 dilutions. Furthermore, the real-time PCR assays designed to detect Ae. aegypti and Ae. albopictus were tested using Ն 5 specimens from each of the following life stages: egg, first instar larva, fourth instar larva, pupa, and adult. For Ae. scutellaris, only fourth instar larvae and adults were available for testing. Finally, DNA from different ratios of Ae. aegypti and Ae. albopictus fourth instar larvae or eggs in pools of 5 individuals was isolated using the rapid isolation method and the method of Beebe and others, 22 respectively, and tested at the 10 −1 dilution using the respective TaqMan assays.
Assessment of the real-time PCR assays using field collected samples. Larvae and pupae stored in 100% ethanol were forwarded to QHFSS for identification using the Taq-Man assays. The DNA was isolated using the rapid method described previously and Ն 3 specimens per larval container were analyzed, depending on the number of larvae or pupae submitted per container.
Evaluation of FTA cards and filter paper for sample preservation. Because the carriage of ethanol is restricted on aircraft in the Torres Strait, we tested larvae that were stored dry on FTA cards or filter paper as alternative methods of sample preservation. Whole live fourth instar larvae of Ae. aegypti and Ae. albopictus were smeared onto FTA Classic Cards (Whatman, Kent, United Kingdom) and Whatman No. 1 filter paper (Whatman, Kent, United Kingdom) using a wooden applicator stick. Samples were allowed to air dry before being stored in an envelope at 23°C. On days 7, 14, and 21, the piece of card or paper containing the smear was placed in 0.5 mL TE buffer and incubated at 4°C for 30 minutes. Samples of 4 L of the undiluted eluate and additional 10 −1 and 10 −2 dilutions were added to the reaction mix and analyzed using the TaqMan assay as described previously.
RESULTS
PCR amplification and sequencing of ITS1. Amplification of the ITS1 region using the universal primers ITS1A and ITS1B generated PCR products of ∼600 bp from Ae. scutellaris and Ae. katherinensis; 700 bp from Ae. albopictus, Ae. aegypti, Ae. tremulus, Ae. notoscriptus, and Ae. palmarum; and 850 bp from Culex quinquefasciatus. A BlastN search using the ITS1 sequences of Ae. albopictus (accession nos. EU359684, EU359685, EU359686, EU359687, EU359688) and Ae. aegypti (EU359689) confirmed that they were homologous with published sequences of the ribosomal DNA genes of Ae. albopictus (accession no. AB213675) and Ae. aegypti (accession no. M95126), respectively. These sequences, as well as Ae. scutellaris (EU359690, EU359691), Ae. katherinensis (EU359692, EU359693), Ae. palmarum (EU359694, EU359695), Ae. notoscriptus (EU359696), and Cx. quinquefasciatus (EU359697) ITS1 sequences were deposited on GenBank. Unfortunately, the sequencing trace of all Ae. tremulus (N ‫ס‬ 13) displayed secondary peaks, so reliable sequence data were not obtainable for this species.
Synthetic control development. Final working dilutions for the synthetic primer and probe controls for each real-time assay were determined from the dilutions in which fluorescence was detected between 24 and 28 cycles. From the initial 200 nM stock solution, a dilution of 10 −9 , which was equivalent to 2.0 pM, was selected for both the Ae. aegypti and Ae. scutellaris TaqMan primer and probe controls. For the Ae. albopictus TaqMan primer and probe controls, dilutions of REAL-TIME IDENTIFICATION OF AEDES (STEGOMYIA) MOSQUITOES 10 −9 (equivalent to 2.0 pM) and 10 −10 (equivalent to 200 fM) of stock solution were selected, respectively. Sensitivity of real-time PCR assays. The sensitivity of each of the three real-time assays was assessed using 10-fold serial dilutions ranging from 10 ng/L to 10 fg/L of target DNA. From the amplification plots, the lowest concentration of DNA that was detected above the threshold for all replicates was 0.1 pg for all three species (Figure 2A-C) . Regression analysis of the standard curves ( Figure 3A-C) determined the theoretical minimum concentration of DNA able to be detected by cycle 40 to be 2.18 × 10 −3 pg for Ae. aegypti, 7.62 × 10 −3 pg for Ae. albopictus, and 7.60 × 10 −3 pg for Ae. scutellaris. The regression slopes provided estimates of the amplification efficiencies for each assay. A slope of −3.33 is the number of cycles required for a 10-fold increase in amplicon concentration if the amplification efficiency of the reaction is 100%. 27 Each assay demonstrated high real-time PCR efficiency rates: 95.9% for the Ae. aegypti assay, 101.6% for the Ae. albopictus assay, and 90.8% for the Ae. scutellaris assay, as well as high linearity, with a correlation coefficient (r 2 ) > 0.99 for all three assays.
Specificity of real-time PCR assays.
Because preliminary experiments demonstrated that the rapid isolation method in TE buffer provided sufficient template for analysis in the TaqMan assays, DNA from the majority of specimens was isolated using this procedure. Each TaqMan primer and probe set designed in this study was shown to be specific for its target species (Table 1) . However, for < 1% of reactions using template DNA from non-target species, fluorescence was detected above the threshold, but at much later cycles (C t > 31) compared with the range of detection of positive target samples (C t < 28). Nearly all of the non-target species tested in each assay had at least one specimen exhibit these late curves. Subsequently, the real-time reactions were shortened to 30 cycles to eliminate these ambiguous results, and positive samples were defined as those that produced fluorescence at a C t value of Յ 28, which was one standard deviation above the mean C t value. Samples with a C t value > 28 were reanalyzed using a different dilution, different speciesspecific TaqMan assay, or the PCR-RFLP method, until their identification could be resolved.
Identification of different life stages and mixed pools. The TaqMan assays were able to identify all life stages tested, using either undiluted template or template at the 10 −1 and 10 −2 dilution (Table 4 ). Furthermore, mixed pools of Ae. aegypti and Ae. albopictus fourth instar larvae and eggs were detected using their respective TaqMan assays ( Table 5 ). Some variability in the detection rate of Ae. aegypti eggs was observed, with some individual eggs not being detected until after 30 cycles, and eggs within mixed pools not being detected at all.
Assessment of real-time PCR assays using field collected samples. A total of 703 specimens, comprising 671 larvae, 29 pupae, 1 adult, and 2 damaged life stages, collected from 204 containers on 11 Torres Strait islands were analyzed using the Ae. albopictus and Ae. scutellaris TaqMan assays ( Table 6 ). The TaqMan assays identified 629 (89.5%) of the larvae and or pupae, consisting of 65% and 35% Ae. albopictus and Ae. scutellaris, respectively. Importantly, no additional Ae. albopictus or Ae. scutellaris were detected using the PCR-RFLP. Of the specimens identified using the PCR-RFLP, 5 were Ae. notoscriptus and 1 was Ae. aegypti. The remaining 68 specimens could not be amplified using the PCR-RFLP.
Evaluation of FTA cards for sample preservation. With the exception of samples tested undiluted from FTA cards, all Ae. aegypti and Ae. albopictus fourth instar larvae could be detected using the respective TaqMan assays stored on FTA cards and filter paper for Յ 21 days (Table 7) .
DISCUSSION
On the basis of its role in arbovirus transmission cycles and its pestiferous nature, the discovery of Ae. albopictus in the Torres Strait is of particular concern to Australian quarantine and health authorities alike. The implementation of the eradication program in the Torres Strait has highlighted the difficulty in accurately separating fourth instar larvae of Ae. albopictus and Ae. scutellaris, the life stage most often collected during container surveys. Furthermore, it is also difficult to morphologically distinguish early instar larvae, pupae, and eggs of container-inhabiting Aedes, all of which can only be identified by expert taxonomists. Although used for routine identification of samples from the Torres Strait, molecular assays can also be used to identify Ae. albopictus and Ae. aegypti intercepted during quarantine operations at other Australian seaports and airports or during routine surveillance undertaken by regional health authorities. 22 The development of molecular methods of identification means that eggs removed from ovitraps do not have to be reared to adult or fourth instar larva for identification, which can take Յ 10 days. The PCR-RFLP assay, while being able to identify common container inhabiting species, is laborious and has not proven ideal when used for large scale operational identification of specimens collected by the AAEP.
The real-time TaqMan PCR assays we describe in the current study have facilitated the rapid identification of larval specimens submitted to QHFSS. Importantly, we have calculated that following rapid DNA isolation, 22 specimens can be analyzed in ∼70 minutes with the TaqMan PCR assays, which compares favorably against the 7 hours it takes to complete the PCR-RFLP for the same number of samples. For the TaqMan assays, this comprises 15 minutes to load the samples, 40 minutes for the PCR reaction using the fast chemistry, and 15 minutes for analysis. In contrast, the PCR-RFLP requires 3 hours for amplification, followed by Ն 1 hour for restriction digest, Ն 2 hours for size separation of digested products and analysis, and > 1 hour for all sample loading. Processing time for the TaqMan assays could be reduced further by analyzing specimens in pools, especially when only information on the presence or absence of a species is required. An alternative way to reduce processing time could be to develop a multiplexed TaqMan assay, as has been described for members of the Anopheles gambiae species complex. 28 The inclusion of synthetic primer and probe controls eliminates the need for positive mosquito DNA controls and together with the fact that the assay is performed using a closed tube system, reduces the risk of sample contamination. Nonetheless, the detection of fluorescence during later cycles (C t > 30 cycles) observed in some reactions with non-target species may have been caused by carry-over contamination from the high concentrations of DNA present in each extract and the high sensitivities of the assays. However, for a given specimen, late curves were not reproducible at a particular dilution, did not occur over the range of dilutions tested, or when the non-target specimens were tested on a run without specimens of the target species. Consequently, to eliminate these ambiguous results during routine identification, a cut-off C t value of 28 was established for all three assays. The Ae. albopictus and Ae. scutellaris assays used for the operational trial identified almost 90% of specimens. The PCR-RFLP was only able to identify six additional larvae, none of which were Ae. albopictus or Ae. scutellaris. It is possible that the DNA had degraded in the remaining samples or that inhibitors to the PCR reaction were present. Indeed, when the nucleic acids from a sub-sample of the negative samples were electrophorized, there was either no DNA present, or there was evidence of DNA degradation. Both these issues could have been the result of inadequate storage of samples in the field or the rapid procedure used to isolate DNA from these specimens. Improved quality DNA could be obtained by routinely undertaking the DNA isolation method of Beebe and others, 22 although this method is more time consuming, taking ∼4 hours to process 22 specimens. Therefore, each laboratory may have to determine an optimal compromise between detectability and labor. The inability to detect DNA in eggs using the Ae. aegypti assay could have been the result of incomplete homogenization of the eggs while isolating the DNA. Another method, involving boiling of the sample, may be required for isolation of DNA from eggs. 20 We have demonstrated that larval specimens can be squashed straight onto filter paper or FTA cards. Once airdried, the samples can be stored for at least 21 days, which is longer than the period of time that specimens are kept prior to being analyzed. This alternative method of preservation and storage of mosquito samples circumvents the necessity to store samples in 70% ethanol. This is especially important in the Torres Strait, where air travel is the only governmentsanctioned means for the AAEP staff to travel between islands and where dangerous goods legislation limits the amount of ethanol that can be taken on flights. The inability to detect specimens processed undiluted from the FTA cards may be due to the inhibition of the PCR reaction caused by the presence of proprietary chemicals impregnated in the card.
We were unable to find suitable sequence variation in the ITS1 region to produce TaqMan primers and probes that would differentiate Ae. scutellaris from Ae. katherinensis. Beebe and others also observed that both species produced identical banding profiles after digestion with restriction enzymes, so separation of these two species using PCR-RFLP was not possible. 20 As Ae. katherinensis does not occur in the Torres Strait, the inability to separate these two species using current molecular methods is not critical to the AAEP. In locations where Ae. scutellaris and Ae. katherinensis occur sympatrically, such as on the tip of Cape York Peninsula, 29 separation of these species may be resolved by targeting a different gene sequence, such as the acetylcholinesterase gene (Ace2) used to identify North American Culex spp. 30 
